A novel photonic-based multiple-input multiple-output (MIMO) radar architecture is reported based on optical frequency combs and dispersion induced wavelength-dependent time delay. Using the proposed system architecture, we only need one photonic-based radar waveform generator at the transmitter side, whereas only a single receiver, consisting of a photodetector, a low-pass filter and an analog-to-digital convertor, is required at the receiver side. The key significance of the work is that all channels of the MIMO radar system share a single photonic-based transceiver, which can solve the bottleneck problem that has long restricted the application of MIMO radar with a large-scale antenna array, i.e., each channel in a MIMO radar system needs an independent transmitter and an independent receiver. The proposed photonic-based MIMO radar architecture is analyzed, demonstrated and verified by simulation using a 10 × 10 MIMO radar system and a 15 × 15 MIMO radar system. The maximum MIMO radar array size that can be supported by the system architecture is also discussed, and constraints on the number of transmitting antennas and receiving antennas are theoretically given.
I. INTRODUCTION
Radar plays an increasingly important role in both civil and military applications. Since the range resolution of radar systems is highly related to the bandwidth of the radar signal, wideband radars are employed to achieve high range resolution [1] , [2] . Microwave photonics [3] , [4] is a promising solution to implement microwave functions and systems that are hard or even impossible to be realized directly in the electrical domain to achieve broad bandwidth operation, high operating frequency and large tunability. Therefore, many works based on microwave photonics are reported for radar systems in many aspects. Wideband and tunable radar signal generation [5] - [7] is the basic and key function of a radar system. In recent years, some approaches to implement complex radar signal generation are proposed [8] - [10] . When the radar sources are ready, different types of radar systems can be realized by adding a photonic-based radar receiver [11] - [13] .
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Multiple-input multiple-output (MIMO) radar [14] - [16] is an emerging technology that employs multiple spatially distributed transmitters and receivers. MIMO radar can have co-located or widely separated antennas. When the antennas are co-located, MIMO radar is much like a phased-array radar. Compared with a standard phased-array radar, which employs highly correlated radar signals either in the transmitter or the receiver, MIMO radar exploits the independence between the signals at the array elements, and has the ability to jointly process signals received by multiple antennas. The signal diversity enables superior capabilities compared with a standard phased-array radar. Therefore, MIMO radar not only attracts the attention of researchers in the traditional radar field, but also attracts the interest of researchers in the field of microwave photonics [17] - [19] .
Microwave photonics based approaches can solve the problems in conventional electronic technology related to electronic bottlenecks, such as the limited bandwidth and operating frequency, and the reconfigurability of the radar waveform generator. However, another key problem that has VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ long restricted the wide application of MIMO radar with a large-scale antenna array is not solved by the reported microwave photonics based methods, i.e., the extremely high complexity of the MIMO radar transmitter and receiver, especially at the receiver side. For a MIMO radar with N transmitting antennas and M receiving antennas, N different radar sources are essential at the transmitter side. In comparison, at the receiver side, even more receivers are needed. As shown in [18] , N laser diodes (LDs) and N dual-parallel Mach-Zehnder modulators (DP-MZMs) are used to generate N frequency-orthogonal signals that are fed to N transmitting antennas, while N receivers, each of which is consisting of a PD, a low-pass filter (LPF) and an analog-to-digital convertor (ADC), are used to receive the N echo signals from each of the N transmitting antennas. Therefore, N × M receivers are needed at the receiver side when the number of receiving antenna is M . For MIMO radars with a large-scale antenna array, such a complexity and cost are unacceptable, especially for spaceborne and airborne applications that have very high requirements on volume and weight complexity. Such problems greatly limit the wide application of MIMO radar with a large-scale antenna array, and conventional electronic technology and existing reports using microwave photonics cannot solve this problem. In this paper, for the first time, we propose a novel photonic-based MIMO radar architecture with all channels sharing a single transceiver, which greatly reduces the complexity of MIMO radar systems. At the transmitter side, a linearly frequency modulated (LFM) optical frequency comb (OFC) is combined with a pure OFC that has a different free spectral range (FSR) and a different wavelength of the first comb line compared with the modulated OFC. The combined OFCs are then detected in a photodetector (PD) to simultaneously generate multiple frequency-orthogonal LFM signals at the radio frequency band. Then, electrical filters are used to select LFM signals for each antenna. At the receiver side, the modulated OFC from the transmitter is coupled with another pure OFC having the same FSR as the modulated OFC and the same wavelength of the first comb line as the pure OFC in the transmitter side. Then, the combined OFC is dispersed in a dispersive medium (DM), and sliced into multiple channels, with each channel having a comb line from the modulated OFC and a comb line from the pure OFC. Each channel is modulated by radar echo signals from one receiving antenna, and then all these channels are combined and detected in a PD. The echo signals from the same receiving antenna are de-chirped to different frequency bands. Since the dispersion introduces an increasing time delay between different channels of the modulated OFC, the echo signals at the same frequency from different receiving antennas are de-chirped to different low-frequency signals in a frequency band. The de-chirped signals can be digitized by a single ADC with a high effective number of bits and then processed in a digital signal processing (DSP) unit. This means that we only need one photonic-based radar waveform generator at the transmitter side, whereas only a single receiver, consisting of a PD, an LPF and an ADC, is needed at the receiver side. Compared with the architecture reported in Ref. [18] , the complexity of the system is greatly reduced, especially at the receiver side, where the number of receivers is reduced from N × M to one. We believe that the MIMO radar architecture proposed in this paper will greatly promote the development and wide application of MIMO radar with a large-scale antenna array.
II. SYSTEM ARCHITECTURE AND THEORY
The architecture of the proposed photonic-based MIMO radar system is shown in Fig. 1 . The key components of the system are three OFCs and a DM.
An OFC with an FSR of ω 1 generated from OFC 1 is modulated by a baseband LFM signal, so that the linearly frequency modulation is shifted to each comb line of OFC 1 . It should be noted that when using the baseband LFM signal modulation method, it is necessary to suppress the negative frequency component of the baseband LFM signal by orthogonal modulation. Another method to make each comb line of the OFC frequency modulated is to phase-modulate the OFC with a parabolic signal. After modulation, the optical signal from OFC 1 is expressed as
where E 1 is the amplitude of OFC 1 , ω 1 is the angular frequency of the first comb line of OFC 1 , N is the number of comb lines of OFC 1 , and k is the chirp rate of the LFM signal. Fig. 2 (a) and (b) show the optical spectra of the unmodulated OFC and the modulated OFC at points a and b in Fig. 1 .
Another OFC generated from OFC 2 has a slightly different FSR ω 2 and a different starting angular frequency ω 2 compared with those of OFC 1 . As shown in Fig. 2(c) , the FSRs of the two OFCs are much larger than their starting angular frequency difference |ω 2− ω 1 |. Assuming OFC 2 has the same number of comb lines as OFC 1 , the optical signal from OFC 2 is expressed as
where E 2 is the amplitude of OFC 2 . The optical signal from OFC 1 is divided into two parts at an optical coupler (OC 1 ), one for the receiver and the other for the orthogonal LFM signal generation after combing with the optical signal from OFC 1 via another optical coupler (OC 2 ). The combined optical signal at the output of OC 2 is sent to PD 1 . Fig. 2(d) and (e) show the spectra of the combined optical signal and the generated photocurrent. For simplicity, we assume that ω 1 > ω 2 and ω 1 > ω 2 establish. The photocurrent at the relatively low frequency band from PD 1 as shown in the dotted box in Fig. 2 (e) can be expressed as
As shown in (3) , N LFM signals are generated at N different frequencies. The starting angular frequency of the first LFM signal is |ω 2− ω 1 |, and the starting angular frequency difference between adjacent LFM signals is | ω 1 -ω 2 |. Therefore, the frequency-orthogonal LFM signals for the MIMO radar transmitter are simultaneously generated at a single PD. Then, the N frequency-orthogonal LFM At the receiver side, each of the M receiving antennas receives all the N echo signals, i.e., N × M signals need to be received and processed in the receiver. To reduce the number of receivers, another OFC generated from OFC 3 is introduced, which has the same FSR ω 1 as OFC 1 , and the same starting angular frequency ω 2 as OFC 2 as shown in Fig. 3 (b). The modulated OFC from OC 1 for the receiver is combined with the OFC from OFC 3 at OC 3 as shown in Fig. 3 (c), which can be expressed as
where E 3 is the amplitude of OFC 3 . The combined optical signal is then transmitted in a DM. The signal after transmission is expressed as
where β (ω 1 ) is the second-order differential coefficients of the propagation constant β (ω) at ω 1 . Then, a wavelength division multiplexer (WDM 1 ) is used to select each group of the two adjacent comb lines from the two OFCs, and each output of WDM 1 is single-sideband (SSB) modulated by the received echo signals, as shown in Fig. 3(d) and (e). The echo signals are expressed as
where τ is the time delay of the echo signals. It is noted that when E 3 E 1 , the optical sideband generated by the modulated OFC can be ignored compared with that generated by the pure OFC. Assuming the modulation satisfies the small signal modulation condition, higher-order optical sidebands and the nonlinear products can also be ignored, as shown in Fig. 3 (f). Therefore, the optical signal at the output of WDM 2 in Fig. 1 can be approximately expressed as
where E 1 , E 3 , and E 4 are the amplitudes of the optical signals. When the optical signal at point k in Fig. 1 is detected in PD 2 , the photocurrent at the low frequency band can be expressed as
The first term in (8) is the N × M desired de-chirped signals, the second term is the de-chirped signal between different echo signals, and the third term is the direct current component. Therefore, the instantaneous frequency of the desired de-chirped signals expressed in (8) is
where f 1 = ω 1 /2π , and f 2 = ω 2 /2π . Since the DM is inserted, the N × M desired de-chirped signals have different frequencies. If the DM is removed from the system, (9) degenerates to
N different low frequency signal is obtained, whose frequen-
In this case, the N × M signals at the receiver are de-chirped to N low frequency signals, as shown in Fig. 3 (h), making the system not able to use all the echo signals.
In comparison, when the DM is inserted, as shown in (9), each of the frequencies expressed in (10) is dispersed to M different frequencies. The frequency spacing between adjacent frequency components in a group as shown in Fig. 3 (g) can be expressed as
Thus, the N × M signals received by N antennas are de-chirped to N × M low frequency signals with different frequencies, which can be further processed to implement MIMO radar signal processing. It should be noted that each of the de-chirped signals also has an additional chirp with a chirp rate of
Since the additional chirp is completely known, the influence of it can be removed when the signal is processed by DSP. From (12) , it is found that when the absolute value of the chirp rate of the originally generated LFM signal is less than 1/ 2πβ (ω 1 ) L , the chirp of the de-chirped signal is smaller than that of the originally generated LFM signal.
III. ANALYSIS AND DISCUSSION
In the analysis below, we assume k and β (ω 1 ) are positive. First, the frequency-orthogonal signal generation at the transmitter side is demonstrated. The FSR of the OFC from OFC 1 is set to 50.4 GHz, and that of the OFC from OFC 2 is set to 50 GHz. The frequency of the first comb line of OFC 2 is set to 193.1 THz, and that of OFC 1 is set to 193.11 THz. The two OFCs both have 10 comb lines. The baseband LFM signal has a bandwidth of 300 MHz in a time duration of 6.4 µs, and there is another 1.28 µs signal with zero amplitude following the baseband LFM signal. Fig. 4 (a) shows the electrical spectrum of the generated signals at the output of PD 1 . It can be seen that ten LFM signals from 10 GHz to 13.9 GHz are simultaneously generated. Each LFM signal has a bandwidth of 300 MHz, and the frequency gaps between adjacent LFM signals are all 100 MHz. At the transmitter side, ten BPFs are then implemented to select the ten LFM signals, which are then sent to ten different PAs and transmitting antennas. Actually, there are other frequency components at higher frequency bands. However, when a PD with limited bandwidth, for example 20 GHz, is used, only the signal at the lowest frequency band can be generated.
When the parameters of the OFCs and the baseband LFM signal are adjusted, the generated LFM signals can be correspondingly changed. The FSR of the OFC from OFC 1 is set to 100.25 GHz, and the that of the OFC from OFC 2 is set to 100 GHz. The frequency of the first comb line of OFC 2 is set to 193.1 THz, and that of OFC 1 is set to 193.13 THz. The two OFCs both have 15 comb lines. The baseband LFM signal has a bandwidth of 200 MHz and a time duration of 0.8 µs. Fig. 4(b) shows the generated photocurrent at PD 1 . As can be seen, 15 LFM signals from 30 to 33.7 GHz are generated, which can support MIMO radars with 15 transmitting antennas.
The more important contribution of work is at the receiver side. Based on the theoretical analysis in Section 2, all the received echo signals from different transmitting antennas at different receiving antennas can be individually de-chirped to different low frequency signals according to (9) , if a proper dispersion is introduced in the setup shown in Fig. 1 . A MIMO radar system employing the LFM signals shown in Fig. 4(a) is de-chirped based on the theory shown in Section 2. The receiver also has ten antennas. At the receiver side, another ten-line OFC generated from OFC 3 that has an FSR of 50.4 GHz and a first comb line frequency of 193.1 THz is combined with the modulated OFC from OFC 1 . Then, the combined OFC is sliced into ten channels in WDM 1 , and each channel is modulated by the received signals from one antenna. The modulated optical signals from the ten channels are then combined in WDM 2 and detected in PD 2 .
First, the dispersion induced by the DM is set to 0 and 2.2 × 10 −20 s 2 , respectively. The time delay of the echo signal is set to 0.768 µs. The electrical spectra of the dechirped signals are shown in Fig. 5(a) and (b) , and the zoomin views of two dotted boxes from 1.54 to 1.61 GHz in Fig. 5(a) and (b) are shown in Fig. 5 (c) and (d). As can be seen, ten groups of signals are generated. The left frequency component in each group is the desired de-chirped signals expressed in the first term in (8) , whereas the right frequency component in each group is the de-chirped signal between different echo signals expressed in the second term in (8) . From (8) , we know that the right frequency component in each group has a single frequency, and the left frequency component in each group is a multi-frequency signal when the dispersion induced by the DM is not 0. As shown in Fig. 5(c) , it is clearly seen that both the two frequency components are single frequency. In comparison, it is observed in Fig. 5(d) that the left frequency component diverges into several different frequency components when the dispersion induced by the DM is 2.2 × 10 −20 s 2 . As shown in (9) , with the increase of m, the frequency of the desired de-chirped signal increases when n = 0, and the first desired de-chirped signal is kτ away from the right single frequency component, which is 36 MHz in theory and 36.4 MHz in Fig. 5(d) . Limited by the spectral resolution, ten peaks can be seen roughly in a frequency range of 2.9 MHz. The frequency spacing between adjacent two peaks can be calculated using (11) , which is about 326.6 kHz. Thus, the theoretical bandwidth occupied by the ten frequency components is 2.94 MHz, which agrees well with that shown in Fig. 5(d) . In fact, the difference between the theoretical values and the measured values is mainly caused by the spectral resolution. Then, the dispersion induced by the DM is increased to 1.1 × 10 −19 s 2 , so that the desired de-chirped signals can be better distinguished. Fig. 6 (a) shows the electrical spectrum of the de-chirped signal. We can also observe ten groups of de-chirped signals, four of which are further demonstrated in Fig. 6(b) to (e). It can be seen that ten single-frequency signals along with a baseband signal or another single-frequency signal are generated, which proves that the proposed system can simultaneously de-chirp the 10 × 10 received signals to 100 low-frequency signals. When the dispersion induced by the DM is 1.1 × 10 −19 s 2 , and the time delay of the echo signal is 0.768 µs, the theoretical frequency spacing between adjacent two desired de-chirped signal is 1.63 MHz according to (11) , which corresponds to 14.67 MHz bandwidth occupied by ten single frequency signal in a group. Limited by the spectral resolution, the bandwidths measured in Fig. 6 (b) to (e) are 14.6 or 14.7 MHz. Using (9), the frequency of each de-chirped signal can be obtained, and the results also agree well with those shown in Fig. 6(b) to (e). Another difference of the ten groups of de-chirped signals are the sequences of the signals. The first group close to the baseband, whose de-chirped signals have a decreasing frequency when m increases, is different from other groups.
The de-chirping capability of the proposed system is further studied to de-chirp a 15 × 15 MIMO radar signal. The 15 transmitted LFM signals of the MIMO radar system have a starting frequency of 10 GHz, a bandwidth of 100 MHz, a channel spacing of 20 MHz and a chirp rate of 6.25 × 10 13 Hz/s in 1.6 µs. The time delay of the echo signals in this case is set to 0.768 µs, and the dispersion induced by the DM is 1.1 × 10 −19 s 2 . Fig. 7(a) shows the electrical spectra of the de-chirped signals. 15 groups of de-chirped signals are obtained, with each having 15 frequency components. Two of the 15 groups are zoomed in and shown in Fig. 7(b) and (c). From (9) , the frequency of the first de-chirped signal is 48 MHz away from the single frequency component, and the value is 48.4 MHz and 47.9 MHz in Fig. 7(b) and (c). The frequency spacing between adjacent de-chirped signals is calculated to be 2.165 MHz, which corresponds to 30.31 MHz bandwidth from the first dechirped signal to the last de-chirped signal in a group. From Fig. 7(b) and (c), the bandwidth is 30.7 MHz and 30.2 MHz. The differences are also mainly determined by the resolution of the spectra.
Then, the characteristics of the desired de-chirped signals are to be further analyzed with different parameters of the MIMO radar system. Using the parameters used in obtaining Fig. 5 and 6 , the chirp rate expressed in (12) is calculated to be only 3.04 × 10 8 Hz/s or 1.52 × 10 9 Hz/s. When the time duration of the LFM signal is 6.4 µs, the total bandwidth of the signal is only 1.94 kHz or 9.73 kHz. In the above analyses, we call the de-chirped signal ''a single-frequency signal'', because the bandwidth of the signal is very small. Actually, as discussed in (12) , the de-chirped signal is also a chirp signal. To show this point more clearly, we use a 3 × 1 MIMO radar architecture. The dispersion induced in the DM is increased to 1.358 × 10 −16 s 2 , and other parameters of the systems are the same as those in Fig. 4(a) and Fig. 6. Fig. 8(a) shows the electrical spectrum of the de-chirped signal. It can be seen that the three echo signals received in the receiving antenna are de-chirped to three LFM wideband signals, and the one in the left dotted box is zoomed in and shown in Fig. 8(b) . It is consistent with the theory that the LFM signal has a starting frequency of kτ = 36 MHz away from f 1 − f 2 = 400 MHz. Fig. 8(c) shows the instantaneous frequency of the LFM signal. As shown in Fig. 8(c) , the instantaneous frequency of the LFM signal increases linearly in the middle of the time window. In the two ends of the time window, the instantaneous frequency is irregular. The beginning of the curve is irregular because of the 0.768 µs time delay of the echo signal, whereas the end of the curve is irregular because that the LFM signal is only 6.4 µs, and the 1.28 µs signal following the baseband LFM signal has a level of 0. However, it is found in Fig. 8(c) that the curve is not linearly increased from 0.768 µs to 6.4 µs as shown in the blue box. The linear part of the curve is marked with purple box. The reason why the linear part of the curve is shifted is the dispersion. The chirp rate of the LFM signal is measured to be 1.808 × 10 12 Hz/s. In comparison, according to (12) , the theoretical chirp rate of the LFM signal is 1.875 × 10 12 Hz/s. Fig. 8(d) and (e) show the spectrum of the de-chirped signal in the right dotted box, and the corresponding instantaneous frequency of the LFM signal. Similar results are obtained as those from Fig. 8(b) and (c). Since the dispersion in this case is very large, the chirp of the signal is relatively large. However, in radar applications, the chirp in the de-chirped signal will influence the radar performance because radar uses Doppler effect to measure the position and relative velocity of moving objects, which will be interfered by the addition chirp. Actually, in practical applications, small dispersion is enough to de-chirp the received signals to multiple different frequencies as shown in Fig. 5 and 6 . Furthermore, because the frequency of each de-chirped signal and the additional chirp on each de-chirped signal can be precisely known, the additional chirp can be removed from the de-chirped signal to facilitate the radar signal processing.
Then, the frequency spacing between adjacent frequency components in a group and the chirp on each frequency component are further studied for the de-chirped signals. Fig. 9(a) and (b) show the frequency spacing between adjacent de-chirped frequency components in the same group as a function of the FSR of OFC 1 and the dispersion introduced by the DM. With the increasing of the dispersion or the FSR of OFC 1 , the frequency spacing increases. Fig. 9(c) shows the chirp rate of the de-chirped signal as a function of the dispersion under different chirp rate of the originally generated LFM signal. As can be seen, the chirp rate of the dechirped signal is much smaller than the chirp rate of the originally generated LFM signal because |k| < 1/ 2πβ (ω 1 ) L always establishes in the figure. The DM in the system can be a section of optical fiber or a fiber Brag grating based dispersion emulator. Actually, if the dispersion is introduced using a section of optical fiber, which has a second-order differential coefficients of the propagation constant of about 22 × 10 −27 s 2 /m at 1550 nm band, the total dispersion is less than 2.2 × 10 −22 s 2 when the length of the optical fiber is shorter than 10 km. Under this condition, the chirp rate of the de-chirped signal is about seven orders of magnitude smaller than that of the originally generated LFM signal when the chirp rate of the originally generated LFM signal is about 4.6875 × 10 13 Hz/s. Even if the chirp rate of the originally generated LFM signal is increased to 4.6875 × 10 16 Hz/s, the chirp rate of the de-chirped signal is still four orders of magnitude smaller than that of the originally generated LFM signal.
In fact, to distinguish each of the de-chirped signal at the receiver, the bandwidth of each de-chirped signal must be smaller than the frequency spacing between adjacent dechirped signals in a group. We define the relative spectrum broadening factor as the ratio of the frequency spacing between adjacent de-chirped signals to the bandwidth of each de-chirped signals from (11) and (12) as
where t is the time duration of the originally generated LFM signal, B = kt is the bandwidth of the originally generated LFM signal. It can be observed from (13) that the relative spectrum broadening coefficient is independent of the dispersion, but related to the FSR of the OFC from OFC 1 and the bandwidth of the transmitted LFM signal. Therefore, by increasing the FSR of the OFC or decreasing the bandwidth of the transmitted LFM signal, the de-chirped signals with very close frequencies in a group can be better distinguished. We can also know that, as along as the relative spectrum broadening factor is larger than 1, different de-chirped signals do not overlap in the spectrum. In fact, f 1 is always much larger than B in the proposed MIMO radar transmitter. For example, using the parameters used in Figs. 5 and 6, the relative spectrum broadening coefficients ρ are 168 and 501, respectively, so that each de-chirped frequency component is very easy to be distinguished using DSP.
For a N × M MIMO radar using the proposed system architecture shown in Fig. 1 , how large can N and M be is further studied. The following figure shows the schematic diagram of the de-chirping in the proposed N × M MIMO radar architecture.
In order to make all the de-chirped signals not aliasing with each other in the spectrum, the following conditions should be satisfied according to Fig. 10: (1) the frequency of the de-chirped signal in the first group in red dotted line from antenna 1 is smaller than that of the de-chirped signal in the second group in red dotted line from antenna 1; (2) the frequency of the de-chirped signal in the first group in black dotted line from antenna N is larger than 0. Assuming the chirp on the de-chirped signal is very small, the above condition can be expressed as
so we can obtain that
Therefore, the maximum delay and maximum number of receiving antennas are determined by the above formula.
In fact, losing part of the echo signals will not make the MIMO radar unable to work, but will have a certain impact on its performance. When M is larger than the threshold defined by (15), some de-chirped signals in the first group will have a negative frequency, which means its image frequency at the positive frequency band may be mixed with the other de-chirped signals in the first group. Actually, if the SSB modulation in the receiver is realized directly using an ideal SSB modulator and the response of the system is ideal, the single frequency components in arrows will be suppressed due to the amplitude and phase match condition. In (7) and (8), the single frequency components are taken into consideration because the response of the system cannot be ideally flat, so that the single frequency components may appear in practical implementations. However, if we do not use the de-chirped signals from the first group and ignore the influence from the single-frequency components in arrows, the condition to make all the de-chirped signals besides those in the first group not aliasing with each other in the spectrum reduces to
which can be further simplified as
For example, using the parameters used in Fig. 5(b) , the maximum number of receiving antenna is calculated to be 111 and 1225 through (15) and (17), respectively. In comparison, using the parameters used in Fig. 6 , the maximum number of transmitting antenna is 23 and 245 through (15) and (17), respectively. It can be seen clearly that the number of transmitting antenna is greatly increased if the first group of de-chirped signal is not used. Figure 11 shows the schematic diagram of the frequencyorthogonal MIMO radar signal generation at the transmitter side. To make the desirable N frequency-orthogonal MIMO radar signals at the low frequency band not overlap with the high frequency beating products, the frequency of the beating product between the N -th comb line from OFC 2 and the N -th comb line from OFC 1 should be smaller than that of the beating product between the N -th comb line from OFC 2 and the (N -1)-th comb line from OFC 1 , which can be expressed as
Equation (19) can be further simplified as
When the parameters used in obtaining Fig. 4(a) and (b) are used, the maximum number of transmitting antenna is 38 and 80, respectively, which can be increased up to thousands by tuning the parameters in (19) . As discussed above, by properly setting the parameters of the two OFCs, the DM, and the LFM signal according to (15) , (17) and (19) , the proposed system architecture can have its number of transmitting and receiving antenna adjusted in a large range to fulfill MIMO radar applications with different array sizes.
IV. CONCLUSION
MIMO radar has been proposed for many years, but MIMO radar with a large-scale antenna array is still on the way in the application scenarios with strict requirements on weight, volume and so on, such as spaceborne and airborne applications. The main factor that limits its application is the huge number of transmitters and receivers. In this paper, we have proposed and analyzed a photonic-based frequency-orthogonal MIMO radar architecture with all channels sharing a single transceiver based on optical frequency combs and dispersion induced wavelength-dependent time delay. This is the first time that a MIMO radar architecture is implemented with a single transmitter and a single receiver at the transmitter side and the receiver side, which greatly reduces the implementation complexity of the MIMO radar system, especially at the receiver side. Compared with the reported photonic-based MIMO radar architecture, the number of receivers is reduced from N × M (N transmitting antennas and M receiving antennas) to one. Even if some electrical methods can reduce the number of receivers to M , the proposed method in this paper still has great advantages over that. We believe that the new photonic-based MIMO radar architecture reported in this paper provides a good solution for the application of the frequency-orthogonal MIMO radar with a large-scale antenna array. 
